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Earth’ formation
  -4.550 Gyrs

Résidus carbonés
-3.850 Gyrs

Finding of fossils and 
dating of isotope ratios 
can hardly be made

-3.600 Gyrs

Oldest fossils known (cyanobacteries)
-3.550 Gyrs

Heavy meterotic bombardement
during the first Gyr

No trace of fossils

-3.500 Gyrs, Archean pillow lavas,
Furnes et al. 2004.
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From “Chemical modeling
of (exo)planetar y atmospheres” 
Eric Hébrard (NASA-GSFC NPP Fellow)

A LARGE DIVERSITY OF (EXO)PLANETS and THEIR  ATMOSPHERES 
AROUND A LARGE DIVERSITY OF STARS

M stars K stars G stars F stars A stars B stars O stars
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Habitable zone boundaries including recent 
Venus

From Kasting et al. 2014 PNAS paper
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Other definitions of Habitable Zone
•  Conservative limits are (Forget 1998): 

–  Inner HZ = 0.95 AU
– Outer HZ = 1.67 AU

•  Inner limit set by water loss in stratosphere of planet 
(Kasting et al. 1993)

•  Outer limit set by temperature at which water freezes.  
Depends on greenhouse gases, CO2 , and H2O (Kasting et 
al. 1993)

•  Less conservative definition for Outer HZ is 2.4 AU.  
Depends on radiative properties of CO2 ice clouds, 
particularly with particles > 6-8 um in size (Forget & 
Pierrehumbert 1997, Mischna et al. 2000) 
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H-R Diagrams 

Red Giant 
Clump 

Subgiants 

Empirical HR Diagram HR Diagram of Nearby Stars 
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Understanding	  Exoplanetary	  Environments	  is	  an	  
Intrinsically	  Interdisciplinary	  Exercise	  

Solar- and Star-Planet 
Magnetospheric Interactions 

based on Heliophysics 

Sun-Earth system is a test case for  
Stellar Astrophysics Models

Stellar Winds 
Magnetospheric physics

Flare Activity 
Coronal Mass Ejection

Orbital Dynamics

Evolution of Planetesimals
Debris Disks

Exoplanet orbital elements

Astrophysics Observations

generate data to calibrate theoretical models 
using

X-Ray/UV/Visible/Infrared/Radio Observations

also

 discovers New Exoplanet Candidates 

 Astrophysics Theory

Stellar Evolution Models generate:

Stellar Evolution Tracks based on

Initial Mass
Metallicity

He Abundance
Mass Loss

derived from Heliophysics and Observational 
Astrophysics Data

Exoplanetary Environments

Planets in Solar System such as  Earth, Mars -- 
Hadean and current -- are references

for exoplanetary environments  

Stellar evolution impacts  
 UV/X-Ray emission, particle fluxes, and spectrum  

incident on exoplanet:

Atmospheric Chemistry
Atmospheric Erosion
Surface Temperature 

and radiation conditions at the surface of an 
exoplanet

Is an Exoplanet potentially habitable?
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Many	  phenomena	  are	  associated	  with	  stellar	  evolu:on	  
and	  to	  understand	  the	  chance	  of	  life	  for	  an	  exoplanet	  

requires	  these	  linkages	  between	  disciplines	  
Stellar'Evolu,on'(Age)'

Nuclear'Evolu,on''
(AST5SH'Team)'

Magne,c'Evolu,on''
(AST5SH'Team)'

Atmospheric'Hea,ng'''''''''
(AST5SH'Team)'

Rota,on'rate''
(AST5SH'Team)'

SXR5UV'&'par,cle'flux'
quiescent'and'flare/CME''

(AST5SH'Team)'

Evolu,on'of''Planetary'
Atmosphere,'Chemistry,'
Surface'Temperature'

(All)'

Mass'Loss''
(AST5SH'Team)'

Planetary'Distance'and'
Planetesimals'

(AST5SH5DYN'Team)'

Planetary'Atmosphere:'Hea,ng,'
Erosion''&'Surface'Fluxes'

(PLN'Team)'

Age5dependent' Age5dependent'''

Does'a'planet'have'the'
poten,al'for'life?'

KEY: 
AST – Astrophysics 
SH – Solar Heliophysics 
DYN – Dynamics 
PLN – Planetary Science 
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More	  on	  the	  interconnectedness	  disciplines	  
needed	  for	  exoplanetary	  science	  …	  	  
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Next	  few	  slides	  are	  an	  example	  of	  
what	  can	  be	  achieved	  	  …	  
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Some	  recent	  results	  from	  our	  interdisciplinary	  effort	  

Paper	  accepted	  to	  Nature	  Geosciences:	  	  Will	  soon	  have	  a	  joint	  press	  
release	  with	  Heliophysics	  and	  Astrophysics	  

Prebio'c	  Chemistry	  and	  Atmospheric	  Warming	  at	  Early	  Earth	  	  by	  an	  Ac've	  Sun	  

Authors:	  V.	  S.	  Airape:an1,	  A.	  Glocer1,	  G.	  Gronoff2,	  E.	  Hébrard1	  W.	  Danchi1	  

Abstract.	  	  Understanding	  how	  the	  simple	  molecules	  present	  on	  the	  early	  Earth	  and	  possibly	  Mars	  may	  
have	  set	  a	  path	  for	  complex	  biological	  molecules,	  the	  building	  blocks	  of	  life,	  represents	  one	  of	  greatest	  
unsolved	  ques:ons.	  Here	  we	  study	  the	  chemical	  impacts	  on	  the	  early	  terrestrial	  atmosphere	  due	  to	  
energe:c	  protons	  accelerated	  in	  shock	  waves	  driven	  by	  frequent	  and	  powerful	  coronal	  mass	  ejec:on	  
events	  from	  the	  young	  Sun.	  Magne:c	  clouds	  ejected	  from	  the	  young	  Sun	  produce	  shocks	  which	  
accelerate	  energe:c	  par:cles	  and	  cause	  the	  compression	  of	  the	  early	  Earth’s	  magnetosphere,	  which	  
produce	  extended	  polar	  caps.	  These	  polar	  caps	  provide	  pathways	  for	  energe:c	  par:cles	  associated	  with	  
magne:c	  clouds	  to	  penetrate	  into	  the	  nitrogen-‐rich	  weakly	  reducing	  atmosphere	  and	  ini:ate	  the	  
reac:ve	  chemistry	  by	  breaking	  molecular	  nitrogen,	  carbon	  dioxide,	  methane	  and	  producing	  nitrous	  
oxide,	  the	  potent	  greenhouse	  gas,	  and	  hydrogen	  cyanide,	  the	  essen:al	  compound	  for	  life.	  This	  picture	  
challenges	  the	  current	  models	  of	  warming	  of	  early	  Earth,	  by	  major	  atmospheric	  cons:tuents,	  because	  
CO2	  and	  CH4	  are	  destroyed	  due	  to	  collisional	  dissocia:on	  with	  energe:c	  par:cles.	  Instead,	  we	  predict	  
efficient	  forma:on	  of	  nitrous	  oxide	  as	  a	  by-‐product	  of	  these	  processes.	  This	  mechanism	  can	  consistently	  
explain	  the	  Faint	  Young	  Sun’s	  paradox	  for	  the	  early	  terrestrial	  atmosphere.	  	  Our	  new	  model	  provides	  
insight	  into	  how	  life	  may	  have	  ini:ated	  on	  Earth	  and	  Mars	  and	  suggests	  an	  alterna:ve	  for	  the	  
Habitability	  Zone	  in	  terms	  of	  the	  Biogenic	  Zone.	  It	  also	  predicts	  the	  spectral	  signatures	  of	  prebio:c	  
molecules	  in	  atmospheres	  of	  planets	  “pregnant”	  with	  the	  poten:al	  for	  life.	  
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Findings	  	  	  (from	  paper)	  

What	  CMEs	  do	  to	  the	  early	  Earth’s	  magne:c	  field	  
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Findings	  	  (from	  paper)	  
Chemical	  pathways	  are	  important	  
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Findings	  (from	  paper)	  
Increased	  abundance	  of	  important	  molecules,	  par:cularly	  

nitrous	  oxide	  that	  can	  warm	  the	  early	  Earth	  and	  are	  precursors	  
to	  molecules	  necessary	  for	  life	  

Danchi	  -‐-‐	  CCMC	  Workshop	  -‐-‐	  4/13/16	   15	  



What	  we	  used,	  where	  we’re	  headed	  

•  This	  work	  required	  several	  codes,	  in	  par:cular	  the	  3-‐D	  MHD	  code	  
BATS-‐R-‐US,	  and	  the	  Aeroplanet	  code,	  with	  over	  100	  reac:ons	  
included	  to	  find	  the	  steady	  state	  value	  of	  the	  molecules	  at	  each	  
pressure.	  

•  Work	  is	  in	  progress	  to	  calculate	  the	  temperature	  at	  the	  surface	  of	  
the	  Earth	  using	  the	  VPLANET	  code.	  	  

•  We	  can	  evolve	  stars	  with	  the	  open	  source	  MESA	  code	  …	  
•  We	  can	  use	  the	  PWOM	  to	  study	  atmospheric	  escape	  ...	  

•  These	  codes	  are	  complicated	  and	  a	  “scenario”	  type	  of	  framework	  
would	  make	  studies	  of	  exoplanet	  atmospheres	  and	  habitability	  
much	  more	  accessible	  to	  a	  broader	  set	  of	  researchers.	  	  

•  The	  CCMC	  provides	  the	  type	  of	  services	  that	  can	  ease	  this	  task	  ...	  	  
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Summary	  
•  Exoplanet	  habitability	  is	  not	  a	  well-‐defined	  concept	  within	  the	  exoplanet	  

community.	  	  Knowing	  whether	  or	  not	  	  liquid	  water	  can	  exist	  on	  the	  surface	  of	  a	  
planet	  is	  insufficient	  to	  predict	  whether	  or	  not	  a	  planet	  has	  life	  on	  it	  or	  the	  
poten:al	  for	  life.	  	  	  

•  	  Life	  evolved	  on	  the	  Earth	  over	  hundreds	  of	  millions	  of	  years,	  during	  which	  the	  
Earth	  was	  bombarded	  by	  super-‐Coronal	  Mass	  Ejec:on	  events	  (SCMEs)	  and	  
intense	  UV.	  	  Solar	  energe:c	  par:cles	  (protons,	  neutrons,	  gamma	  rays,	  electrons)	  
penetrated	  the	  Earth’s	  atmosphere,	  splilng	  nitrogen	  molecules	  into	  odd	  
nitrogen,	  crea:ng	  the	  greenhouse	  gas	  nitrous	  oxide,	  and	  chemical	  pathways	  to	  
HCN,	  Tholins,	  and	  other	  life-‐precursor	  molecules.	  	  	  	  

•  We	  use	  an	  integrated	  (see	  previous	  slides),	  interdisciplinary	  (Astrophysics,	  
Heliophysics,	  Planetary	  Science),	  and	  	  numerical	  approach	  to	  determine	  the	  
physical,	  thermal,	  and	  chemical	  equilibrium	  over	  geologically	  significant	  :mes.	  	  

•  We	  will	  determine	  if	  an	  exoplanet	  is	  habitable	  over	  long	  :me	  periods	  and	  
whether	  its	  atmosphere	  contains	  life-‐precursor	  molecules	  that	  could	  be	  observed	  
with	  JWST,	  and	  future	  direct	  imaging	  missions	  such	  as	  LUVOIR	  and	  HabEx.	  
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